A review is given on the use of programmed electrical stimulation of the heart in patients suffering from tachycardia. The application of this technique makes it possible to evaluate mechanisms of tachycardia directly in the human heart. By repeating the same stimulation program following drug administration the effect of drugs on arrhythmia mechanisms can be studied. There are 845 NO S 1978
IN 1967 Durrer et al. 1 and Coumel et al.' independently reported on the use of programmed electrical stimulation of the heart in the study of patients suffering from tachycardia. This was rapidly followed by articles on initiation and termination of different types of tachycardia from both sides of the Atlantic Ocean. 3 In this article value and limitations of programmed electrical stimulation in patients with tachycardia will be analyzed. An attempt will be made to answer the following questions: 1) How useful is the technique for determining mechanism, site of origin and pathway of tachycardia; 2) Can the technique help in selecting appropriate treatment; and 3) Did information derived from application of this technique improve the diagnostic ability of the 12-lead electrocardiogram.
The Method As shown in table 1 programmed electrical stimulation of the heart requires intracardiac electrode catheters at different locations, extracardiac recordings and a stimulator. Table 2 Tachycardias have classically been divided into those based upon abnormal automaticity and those resulting from several factors, however, that influence the amount of information on mechanism and pathway of tachycardia and selection of appropriate therapy that can be obtained during the study. These factors as well as how information obtained from programmed electrical stimulation of the heart has resulted in a better use of the 12-lead electrocardiogram as a diagnostic tool are discussed. an impulse rapidly circulating in an anatomically or functionally determined pathway. 8 The second mechanism has been called re-entry or reciprocal rhythm. While unidirectional block and slow conduction are required to initiate reentry, as recently stressed by Allessie et al.,9 a re-entrant or reciprocal rhythm can be determined by an anatomically defined circuit (first described by Mines'0) or solely by the functional properties of the tissue. The typical characteristics of the two types of circus movement are given in figure 1 .
Apart from these purely anatomically or purely functionally determined re-entry pathways, it seems possible that during tachycardia part of the pathway is anatomically determined and part functionally determined. An example of an anatomically determined re-entry tachycardia is a circus movement tachycardia in a patient with the Wolff-Parkinson-White syndrome where atrium A-V node bundle of His bundle branch ventricle and accessory pathway are the components of the tachycardia circuit.
An example of a functionally determined circus movement tachycardia is difficult to define at the present time in the human heart. Atrial flutter could be such an example.
AV nodal tachycardia and sinus node re-entrant tachycardia could be examples of tachycardias based upon a reentrant pathway which is partly anatomically and partly functionally determined."
Following the introduction of programmed electrical stimulation of the heart criteria have been suggested to differentiate between abnormal automaticity and a re-entry mechanism." Although this opinion is not shared by all basic electrophysiologists,8 initiation and termination of tachycardia by premature stimuli given within well defined, reproducible, timing intervals has been advanced as pointing to a re-entry (Mines, 1913) Functionally determined (Allessie, 1977) 2. Extracardiac ECG-recordings: leads I, II, III, VI, V6 3. A stimulator mechanism. Termination of tachycardia by "overdrive" pacing would also support the latter mechanism. Inability to demonstrate these phenomena has been accepted as suggestive of abnormal automaticity. It is important, however, to realize that the use of these criteria to differentiate between these two mechanisms of tachycardia is limited because of the following factors playing a role in initiation and termination of tachycardia.
Basic Pacing Rate
To initiate re-entry a critical interplay is required between duration of the refractory period and the conduction velocity of the different components of the re-entry circuit. Both refractory period and conduction velocity are affected by heart rate. Observations in the isolated preparation,13 the intact dog heart14 and the human heart"' 16 all point to the importance of basic heart rate on these parameters.
Re-entry is favored by slow and fast heart rates."7 At slow rates differences in length of refractory period between subnodal conductive tissues and ventricular muscle are greater compared to moderate heart rates.'8 19 At fast rates, especially under circumstances of marginal conduction, like during ischemia, unidirectional block in one pathway is facilitated, promoting occurrence of re-entry.20 Studies in patients with tachycardia show the importance of basic heart rate. An example is given by patients with chronic recurrent ventricular tachycardia in whom initiation of tachycardia can be accomplished easier at slow rates than faster ones.2' It has also been demonstrated that the electrophysiological properties of "dual pathways" underlying A-V nodal reentrant tachycardia22 are affected by basic pacing rate.23
These observations stress the necessity of using different basic pacing rates during the stimulation study. Even then one may not be able to impose upon the heart the critical basic rate required to initiate re-entry in a particular patient. One should not falsely conclude then that the tachycardia is not based upon re-entry.
Abnormal automaticity is also affected by basic heart rate. It is understandable that slow heart rates tend to expose impulse formation based upon this mechanism. However, under certain conditions, for instance digitalisintoxication or sympathetic stimulation, fast heart rates may trigger rapid rhythms, possibly due to abnormal automaticity.24 26 
Site ofStimulation
Initiation of Tachycardia. For initiation of re-entry it is essential to have block in one pathway while maintaining conduction through the other pathway. To create this situation site and mode of stimulation are critical. During the stimulation study different patterns of stimulation can be used:
a) The Extrastimulus is Given at the Same Site as the Basic Paced Rhythm. Stimulation close to the pathway with the longest refractory period will facilitate induction of tachycardia. 27 The earlier this pathway is activated, the earlier it has recovered, enabling retrograde conduction of the impulse over the pathway ( fig. 2 ). Stimulation close to this pathway also reduces the chance of block between site of pacing and pathway due to the functional refractory period of the tissues between the stimulation site and the pathway.
As pointed out by Morris et al. 28 comparing the width of the zone of premature beat intervals able to initiate tachycardia from different stimulation sites may be helpful in localizing the site of a "concealed" accessory A-V connection. b) The Extrastimulus is Given at a Different Location from the Basic Paced Rhythm. This situation exists when an extrastimulus is given during sinus rhythm or when the extrastimulus is given at a different site from the paced basic rhythm. Again apart from the properties of the two pathways the distance between the stimulation site of the basic rhythm and the site of the extrastimulus in regard to the two pathways will influence initiation of tachycardia by premature stimuli. As shown in figure 3 , if basic stimulation is performed as closely as possible to the pathway with the shortest refractory period and the test stimulus given as closely as possible to the pathway with the longest refractory period, the tachycardia zone may be wider compared to stimulation pattern A.
These observations indicate that single test stimulation should be done during sinus rhythm, and from the same and different sites as basic pacing, with the test stimulus given as closely as possible to the pathway with the longest refractory period. The latter especially in patients in whom there is difficulty in inducing the tachycardia and in those patients where comparison of the tachycardia zone is made before and after drug intervention. c) Regular Pacing at Increasing Rates. The study of initiation of tachycardia with the incremental pacing technique has its own merits. The purpose of this mode of pacing is to find the critical pacing rate required to create block in one pathway with conduction persisting over the other pathway. A possible explanation for the difference between PACING BCL 600 msec 01 is . Acc. P TACHYZONE His S1: A S2: A 20 msec RBB Aq, \ LBB S1: B S2: B 160 msec S1: A S2: B 180 msec FIGURE 3. Illustration of the importance ofsite ofbasic stimuli and extrastimulus in relation to two A-Vpathways in a patient with a left sided concealed accessory pathway. Basic pacing (at 600 msec) and extra stimulus at site A resulted in a zone of20 msec during which premature beats initiated tachycardia (the tachycardia zone). Basic pacing (cycle length 600 msec) and extrastimulus at site B (close to the accessory pathway) resulted in a tachycardia zone of 160 msec. During basic pacing at site A (cycle length 600 msec) an extrastimulus given at site B resulted in a tachycardia zone of 180 msec.
C B
A B I I this type of pacing and the single test stimulus method might be that during the first method the level of block in one pathway may progressively be located more and more closely to the site of stimulation favoring earlier recovery of that pathway facilitating re-entry. Termination of Tachycardia. When a tachycardia is based upon re-entry, circulation of the impulse will stop when refractory tissue is encountered in the re-entry pathway. To create refractoriness ahead of the circulating impulse, access to the re-entry circuit is required. Factors determining the ability to enter the tachycardia circuit during the stimulation study include: '2 1) The distance between site of stimulation and the location of the tachycardia circuit.
2) The electrophysiological properties of the tissue(s) between site of stimulation and tachycardia circuit.
3) The size of the tachycardia circuit. 4) The frequency of the tachycardia. As previously discussed a re-entry circuit may be anatomically or functionally determined ( fig. 1 ). In the latter situation the head of the circulating impulse tends to follow the refractory tail of the previous revolution, thereby making it difficult for a test stimulus to enter the tachycardia circuit. It is obvious that a stimulus given close to a large, anatomically determined pathway in which an impulse is circulating at a relatively slow rate, will easily enter the circuit, create refractoriness and terminate the tachycardia. In contrast this will not be possible when a stimulus is given far away from a small, functionally determined pathway in which an impulse is circulating at a high rate. This explains why a single ventricular stimulus usually fails to terminate a re-entry tachycardia when the rate is above 160/min and the circuit of the tachycardia is confined to the A-V node, but is frequently able to do so in patients with rates above 160/min and a tachycardia circuit incorporating an accessory A-V pathway.
Before concluding that the tachycardia cannot be terminated by a premature beat one should therefore try to stimulate as closely to the tachycardia circuit as possible. If one test stimulus fails to terminate tachycardia, two or more stimuli should be given. This mode of stimulation shortens the refractory period at the site of stimulation enabling earlier activation of that area resulting in earlier arrival and invasion into the tachycardia circuit. Re-entrant tachycardia can frequently be terminated by pacing at rates above the frequency of the tachycardia (so-called "overdrive" pacing).
All these observations indicate that both for initiation and termination of tachycardia several sites of stimulation and several modes of stimulation should be used.
1I. Site of Origin of Tachycardia and Delineation of the Tachycardia Circuit
The possibility of surgical treatment of tachycardias29-31 and endeavors to come to a more specific selection of drugs or especially designed pacemakers in the treatment of tachy-cardias32' 33 have called for careful delineation of site of origin and pathway of tachycardia. Gallagher et al. 34 pointed to the importance of simultaneous recording of atrial activation during tachycardia from several intracardiac sites to identify incorporation and location of an accessory pathway in the tachycardia circuit. Several investigators35-3 have contributed other findings indicating participation of an accessory pathway in the tachycardia circuit.
It has become clear that an important number of patients with tachycardia showing narrow QRS complexes or typical bundle branch block configuration do have an accessory atrioventricular pathway which during tachycardia only conducts in ventriculo-atrial direction. 44"4 In patients suffering from ventricular tachycardia QRS configuration during tachycardia has been considered helpful in localizing site of origin of tachycardia.47-10 As pointed out recently by Josephson et al. 51 patients showing left bundle branch block configuration during tachycardia may have a left ventricular origin of tachycardia.
Arguments to explain this phenomenon have been given."' 52 The value of selective stimulation from different parts of the ventricle and comparison of the configuration of these paced QRS complexes and QRS complex during tachycardia deserves further study to establish the value of the QRS configuration in identifying site of origin of ventricular tachycardia. Table 3 gives a classification of our own patients with tachycardia studied by programmed electrical stimulation of the heart. Using the principles outlined above an attempt is made to classify them according to mechanism and site of origin. Although realizing that in isolated tissues abnormal automaticity can be initiated and terminated by timed stimuli," all patients showing reproducible initiation and termination of tachycardia by timed stimuli were classified as having a re-entry mechanism during tachycardia. For reasons given above failure to do so does not exclude the possibility of a re-entry mechanism. In all probability more patients than suggested in table 3 have re-entry as their underlying mechanism of tachycardia.
In patients with atrial flutter we failed to initiate and terminate the arrhythmia by timed stimuli given within reproducible intervals. Therefore, the arrhythmia was classified as focal. It was shown that stimuli given low in the atrium did affect the time relations during flutter. ' *A re-entrant mechanism was assumed when tachyeardia could be reproducibly initiated and terminated by timed stimuli. In the absence of these findings the tachyeardia was classified as focal.
Abbreviation: Conc. Acc. P. = concealed accessory pathway.
flutter could be based upon a functionally determined circus movement.9 Further proofs for this assumption would be the demonstration of speeding up of the flutter rate following administration of drugs that shorten the refractory period of the atrium. In patients with the Wolff-Parkinson-White syndrome it has been shown that mechanisms of induction of circus movement tachycardia in patients with accessory A-V connections can be very complex.54 At least 17 different mechanisms of initiation of circus movement tachycardia incorporating both the AV node-His pathway and the accessory pathway have been identified. [56] [57] In patients with ventricular tachycardia, chronic recurrent tachycardia in the setting of an old myocardial infarction and idiopathic ventricular tachycardia usually behave as reentrant arrhythmias, while ventricular tachycardia in the acute stage of infarction fails to do so." It was also found that re-entrant ventricular tachycardias can be started by atrial premature beats if the premature beat is able to arrive in the ventricle early enough to initiate a re-entry mechanism.6', 21 
Effect of Drugs General
The patient in whom tachycardias can reproducibly be initiated and terminated by programmed electrical stimulation of the heart is an attractive model for studying the effect of drugs on the arrhythmia. This supposition resulted in a number of articles using this approach in patients with the Wolff-Parkinson-White syndrome,59-68 A-V junctional tachycardia69 72 and ventricular tachycardia.73 To become manifest a re-entrant tachycardia needs to be initiated and perpetuated. As known, for initiation of re-entry the presence of two pathways with unidirectional block in one pathway and slow conduction of the impulse with distal re-invasion and conduction through the proximally blocked pathway are necessary. To complete one re-entry cycle and to perpetuate this mechanism the time required to complete one full cycle (the echotime) should be longer than the longest functional refractory period of any part of the circuit. This delicate interplay between conduction velocity and duration of the functional refractory periods in the re-entry circuit required to initiate and perpetuate re-entry can be affected by drugs. Table 4 explains why a drug may have a favorable or an unfavorable effect on the arrhythmia. Because of individual variations in size and properties of the re-entry circuit the effect of a drug may vary from patient to patient.62 65 7 The study of the effect of drugs is further complicated by a) the timing of the measurements, b) possible differences in effect on anterograde and retrograde conduction in a part of the circuit, c) differences in effect following acute intravenous and chronic oral administration, d) new mechanisms of initiation of tachycardia following drug administration, and e) the possibility that changes in electrophysiological properties of the constituents of the re-entry circuit with time may influence effectiveness of a drug. The most convincing argument for the effectiveness of a drug in a reentrant arrhythmia is by demonstrating that the drug causes bidirectional block in a part of the circuit, with loss of the ability to induce or sustain tachycardia. If this cannot be accomplished, a drug should be selected after careful evaluation of its effect on mechanism of tachycardia, following both acute and chronic drug administration, and by using different stimulation sites and several basic pacing frequencies.
Specific

Wolff-Parkinson-White Syndrome
The complexity of effects of drugs has especially been demonstrated in patients with this syndrome. For reasons given above a simple measurement of the effect of a drug on the refractory period of the accessory pathway and the tachycardia zone during atrial pacing only in a patient with the Wolff-Parkinson-White syndrome suffering from reentrant tachycardia does not give sufficient information as to the most effective drug for that patient. 74 7 In patients with the Wolff-Parkinson-White syndrome suffering from atrial fibrillation, the duration of the effective refractory period of the accessory pathway is an important determinant of the ventricular rate during atrial fibrillation.76 ' 77 In patients with a short refractory period of their accessory pathway one should like therefore to give a drug that markedly lengthens the refractory period of the accessory pathway to protect against a high ventricular rate if atrial fibrillation supervenes.
Unfortunately, however, we have recently found that the amount of lengthening of the duration of the effective refractory period of the accessory pathway following administration of drugs like quinidine, procainamide, ajmaline and amiodarone is related to the initial value of the effective refractory period of that pathway.78 A much smaller increase in length of the refractory period of the accessory pathway was seen when the pre-drug value was short (mean increase 32 ± 21 msec when the pre-drug effective refractory period of the accessory pathway was less than 270 msec). This increase in duration was much greater in patients with a relatively long pre-drug value of their accessory pathway (mean increase 191 ± 122 msec when the pre-drug effective refractory period was equal to or longer than 270 msec). In other words, patients with the greatest need for lengthening the effective refractory period of their accessory pathway are less likely to benefit from drug administration.
A-VJunctional Tachycardia
Digitalis and verapamil70-72 were found to be effective drugs in patients with their re-entry circuit confined to the A-V node. In patients using a concealed accessory pathway during A-V junctional tachycardia digitalis and verapamil were occasionally found to facilitate tachycardia probably by delaying conduction through the A-V node, thereby promoting recovery and retrograde conduction through the accessory pathway.
As stressed by Wu et al.,79 frequent determination of initiation and termination of tachycardia during chronic administration of drugs is useful to come to the correct drug or combination of drugs.
Ventricular Tachycardia
As recently reported in patients with chronic recurrent ventricular tachycardia no effect could be demonstrated of propranolol and verapamil on the arrhythmia73 suggesting that neither augmented sympathetic neurohumoral stimulation nor the slow inward current79 played a role in these arrhythmias.
In contrast mechanisms of tachycardia were markedly influenced by procainamide.7 These observations suggest that apart from information as to their possible therapeutic value the study of the effect of drugs during programmed electrical stimulation of the heart can also be useful for studying mechanisms of tachycardia.
Other Therapeutic Implications of Programmed Electrical
Stimulation Following the demonstration of the functional significance of an accessory atrioventricular pathway in patients with the Wolff-Parkinson-White syndrome80 successful surgical interruption of this structure in patients using this pathway during their arrhythmias has been reported. 29' 30 The group from Duke University showed the importance of accurate preoperative and postoperative stimulation studies to identify location and number of accessory pathways and to assess the success of the operation. 34 Fontaine et al.82 reported a higher success rate of surgical therapy in ventricular tachycardia in those patients in whom the arrhythmia could be demonstrated to be based upon a re-entry mechanism. The possibility of interrupting tachycardia by timed stimuli has resulted in the development of implantable pacing systems for long term treatment.33 Unfortunately sophisticated treatment using this method requires individually designed and therefore rather com-plicated and expensive pacemakers. This has prevented at the present time wider application of this type of pacemaker for patients suffering from tachycardia. A much less expensive but frequently very effective method for chronic treatment of re-entrant tachycardias by pacing has been the development of implantable pacemakers able to deliver short bursts of rapid stimuli.82 ' 83 Relevance of Stimulation Studies for the Interpretation of the 12 Lead Electrocardiogram What did we learn from programmed electrical stimulation of the heart in regard to our diagnostic ability with the 12 lead electrocardiogram?
Wolff-Parkinson-White Syndrome
During sinus rhythm the electrocardiographic characteristics of the Wolff-Parkinson-White syndrome depend upon the respective contribution to ventricular activation over the AV node-His pathway and over the accessory pathway.54 When during sinus rhythm only a small part of the ventricle is activated by way of the accessory pathway, location of the accessory pathway can be difficult or even impossible. Augmenting contribution to ventricular activation over the accessory pathway by rapid atrial pacing and premature atrial stimuli is then needed to locate the accessory pathway. Ventricular rate during atrial fibrillation in the Wolff-Parkinson-White syndrome is related to the duration of the refractory period of the accessory pathway. When confronted with a patient with the Wolff-Parkinson-White syndrome one therefore should like to have an idea of the duration of the refractory period of the accessory pathway to establish the risk of that patient in case of atrial fibrillation.
From a practical point of view it is important to know a) that intermittent pre-excitation is always accompanied by a long refractory period of the accessory pathway in A-V direction; b) that if one is able to block conduction over the accessory pathway by 50 mg Ajmaline given intravenously (and this can easily be done in the office) the length of the refractory period of the accessory pathway is more than 270 msec. 84 The effect of drugs on the electrophysiological properties of the accessory pathway in A-V direction may be quite different from the effect of the same drug on the pathway in V-A direction. Disappearance of pre-excitation following drug administration is therefore not of predictive value as to the possibility of circus movement tachycardia in that patient.
Supraventricular Tachycardia
The importance of the polarity of the P wave and its relation to QRS during tachycardia in deciding on the site of origin of supraventricular impulse formation was stressed by the stimulation studies.
Atrial tachycardias arising proximal to the A-V node characteristically show a P wave preceding the QRS complex. A P wave similar to the P waves during sinus rhythm suggests an origin high in the atrium. During A-V nodal tachycardia ventricles and atria are usually activated simultaneously (like in 50 out of 59 of our patients with proven A-V nodal tachycardia [unpublished observations]). Only occasionally the P wave follows QRS. Very rarely the P wave precedes the QRS complex.85 A P wave following QRS during tachycardia should immediately alert the clinician to the possibility of ventriculo-atrial conduction over an accessory pathway (unpublished observations). Puech et al. pointed out that when this P wave is negative in V8 a left lateral location of the accessory pathway should be suspected.8" In view of the observations of MacLean et al. 87 on the possibility of P wave negativity in V6 during atrial activation originating low in the right atrium, the value of Puech's observations deserves further study.
For reasons as yet not identified occurrence of left bundle branch block during tachycardia is highly suggestive for ventriculo-atrial conduction over an accessory pathway. 88 When the electrocardiogram during tachycardia shows episodes of both aberrant and non-aberrant conduction, slowing in rate during aberrant conduction proves incorporation of an accessory pathway in the tachycardia circuit.35
Ventricular Tachycardia
It has become clear that certain features on the 12 lead electrocardiogram are helpful in indicating which patient with ventricular tachycardia can profit from a stimulation study. In seven patients with the QT prolongation syndrome (not caused by drugs or electrolyte abnormalities) suffering from repeated, electrocardiographically documented episodes of ventricular tachycardia and ventricular fibrillation, we were never able to initiate arrhythmias during programmed electrical stimulation of the heart.
The same holds for patients with exercise-induced ventricular tachycardia. Denes et al. 89 reported on their inability to initiate ventricular tachycardia in patients showing frequent episodes of ventricular bigeminy and short-lasting, selfterminating attacks of ventricular tachycardia. This has also been our experience.
In 12 patients showing this phenomenon we could reproducibly initiate and terminate tachycardia by timed stimuli in only one. The consequences of these observations in relation to drug therapy deserve further study.
Aberrant Conduction Versus Ventricular Ectopy
The problem of differentiation between a supraventricular origin with aberrant conduction and a ventricular origin in a patient with wide QRS complexes during tachycardia is an important one.
Several articles have been published to help us distinguish between these two possibilities.80 94 Programmed electrical stimulation combined with intracavitary recordings enables one to make this distinction. On reviewing findings in 62 patients with proven ventricular tachycardia and 60 patients with proven supraventricular tachycardia with aberrant conduction, criteria advanced by previous investigators could be confirmed and some new ones added. 85 The most important findings suggestive of a ventricular origin of the tachycardia were: I) a QRS width of more than 0.14 msec; 2) left axis deviation; 3) certain configurational characteristics in leads V, and V6; and 4) the finding of atrioventricular dissociation.
Conclusions
Programmed electrical stimulation of the heart is a technique that gives us information on mechanisms of tachycardia and helps us in finding appropriate therapy. Everyone involved in these studies, however, should realize the limitations of the technique. Findings from stimulation studies in patients with tachycardia have improved our understanding and the diagnostic value of the 12 lead electrocardiogram.
